An adaptable product is the one that can be changed/adapted, such as reconfigured and upgraded, during the product operation stage to satisfy the changes in requirements. Design of adaptable products can bring with both economic and environmental benefits. Adaptable design is the design paradigm that aims at creating adaptable products. Since parameter variations caused by uncertainties usually lead to variations of product performance, robustness has to be considered in design of adaptable products. This research aims at developing an integrated framework to design architecture, configurations and parameters of adaptable product such that the product can be adapted to satisfy the changed requirements, meanwhile the product performance is the least sensitive to parameter variations. In this work, design of an adaptable product in the embodiment design stage is conducted at three different levels: parameter, configuration and architecture levels. At the parameter level, an adaptable product can be achieved through the changes of parameter values. At the configuration level, an adaptable product can be achieved through the changes of product configurations. At the architecture level, an adaptable product can be achieved through selection of an open architecture to connect the platform of the product with the add-on modules by interfaces. Characteristics of adaptable design at the three different levels are discussed. Modeling methods to describe various configuration candidates in design and various configuration states in operation of an adaptable product are introduced. Moreover, evaluation methods considering both the product performances and the variations of the performances in terms of robustness are developed. Optimization models are introduced to identify the optimal design of the adaptable product with the best robustness. Case study is implemented to demonstrate the effectiveness of the integrated adaptable design approach.
Introduction
Design of high quality products to satisfy various customer requirements is critical to product competiveness in the global marketplace [1, 2] . Adaptable product is the one that can be changed in the operation stage to satisfy changeable requirements [3] . Adaptable design is an approach that can be used for the design of adaptable products. In research on adaptable design, many methods have been developed to identify the design of adaptable product with the best adaptability [4] . Despite the progress, product robustness, which can significantly influence the quality of an adaptable product, has never been considered.
Robustness is considered as the product's capability to resist the influence of uncertainties on product performances. In the past decades, many robust design methods have been developed to improve product robustness [5] . However, because the modules/configurations and parameters of an adaptable product are changeable during the operation stage, the existing robust design methods cannot be used directly for developing a robust adaptable product. In this research, a novel integrated design approach is introduced to create adaptable product whose performances are the least sensitive to uncertainties in parameters.
An integrated framework to design adaptable products with robust performance
In this work, an integrated framework as shown in Fig. 1 has been developed to design architecture, configurations, and parameters of adaptable product with robust performance. In this framework, an adaptable design is conducted in 4 steps. 1 . Determine the approach to achieve an adaptable product.
At this design stage, the approach to achieve an adaptable product should be selected based on the studies on design requirements. Generally an adaptable product can be achieved through (1) selection of an open product architecture, (2) changes of product configurations, and (3) changes of parameter values. Discussions on the three approaches will be provided in Section 2. Since large number of design candidates can satisfy the design requirements, an optimization method is developed to identify the optimal design based on evaluation to different design candidates. In this work, a multi-level optimization model has been introduced to identify the optimal design. The multi-level optimization is used to identify (1) the optimal product configurations, (2) the optimal values of un-adaptable design parameters, and (3) the worst case influence of unknown add-on modules. The multi-level optimization model will be provided in Section 2.4.
The three approaches to achieve an adaptable product
For adaptable design of a mechanical product, the activities in embodiment design at three different levels are considered: architecture, configuration, and parameter levels [6] .
Selection of an open product architecture
Product architecture is related to functional elements and physical components of the product. Generally, product architecture can be defined as "the scheme by which the function of a product is allocated to physical components [7] ." Since different product architectures can lead to different characteristics of the product, selection of proper product architecture plays an important role in engineering design.
Closed architecture and open architecture are the two types of product architectures that can be used in adaptable design. For a product with a closed architecture, different modules/components of the product are specified by the original equipment manufacturer (OEM). The open architecture product can be considered as the one with a platform such that different add-on modules developed by different vendors can be connected with the platform through interfaces of the platform [8] . For example, a personal 
Changes of product configurations
Product configuration is used to represent the different selection of components for a product, the different locations of these selected components in the product, and different relations among these selected components in the product. While the architecture defines the basic structure of the product, the configurations put the components in the product architecture [6] .
Generally, the configurations specified/designed by original equipment manufacturer can be changed in the product operation stage to satisfy different customer requirements. For example, gears of the manual transmission unit in an automobile can be reconfigured to different operation states to change the speed when driving a car. At the configuration level, therefore, an adaptable product can be achieved through the changes of product configurations [9] .
Changes of parameter values
In engineering design, design parameters, such as dimensions and tolerances, are used to model the quantitative information of a part. Values of these parameters need to be determined in the design process. In parameter design, optimization is often employed to identify the optimal parameter values based on a predefined optimization objective function such as a performance or a cost.
Generally, values of parameters in a product can be adapted in the product operation stage to satisfy different customer requirements. For example, the height of an office chair can be adapted for different persons. At the parameter level, therefore, an adaptable product can be achieved through the changes of parameter values [10] .
Modeling of an adaptable design considering different product adaptation states
An adaptable design can be described by product architecture, configurations, and parameters.
Modeling of product architecture
In this work, an open architecture product is modeled by: When the unknown add-on modules are not considered in design, the product with a common platform and specific addon modules is considered as a closed architecture adaptable product.
Modeling of product configurations
For the design of an adaptable product, different design configuration candidates (i.e., configurations for selection in the design stage) and different operation configuration states (i.e., configurations of a specific design configuration candidate in the operation stage) need to be modeled [9] . In this work, configurations are described by a tree data structure with nodes and arcs. The following relations among subnodes of a super-node are used to model different configurations:
When all the sub-nodes need to be selected to support a super-node, all these sub-nodes have an AND relation. The AND relation can be used for the modeling of both design configuration candidates and operation configuration states.
When only one of the sub-nodes need to be selected to support a super-node, all these sub-nodes have an OR relation. The OR relation can be classified into OR relation in design and OR relation in operation. The OR relations in design are used for modeling different design configuration candidates. The OR relations in operation are used for modeling different operation configuration states.
Generally different feasible design configuration candidates can be created from the same design requirements. For each design configuration candidate, different operation configuration states can be created in the product operation stage to accommodate the changes in requirements. Detailed discussions on the modeling of product configurations in adaptable design are provided in [9] . Non-design parameters are those that do not need to be determined by design engineers. The non-design parameters are also classified into unchangeable parameters and changeable non-design parameters. Unchangeable non-design parameters are the parameters whose values are not changed in the operation stage. Changeable non-design parameters, on the other hand, are those whose values are changed independently during the operation stage.
Modeling of parameters
For an adaptable product, when values of target requirements and changeable non-design parameters are changed in the operation stage, adaptation of adaptable design parameters usually has to be carried out. Methods for the modeling of parameters and adaptations based on the relationships among parameters have been developed in [10] .
Evaluation of an adaptable product considering both product performance and its variation
For an adaptable product, both configurations and parameter values can be changed/adapted in the operation stage to satisfy different requirements. Therefore, an adaptable product can have different adaptation states in the operation stage. For a specific product adaptation state, different robustness measures (e.g., signal to noise ratios) can be used to evaluate the robustness of the product.
Since the requirements of performance measures of an adaptable product can be changed to different target values, the signal to noise ratio is considered as an effective measure in this work to calculate the product robustness at each product adaptation state. The overall robustness of a specific design candidate can be calculated considering the robustness measures at different product adaptation states [9, 10] .
An optimization approach to achieve an adaptable product with robust performance
In this work, three optimization models have been developed to identify the optimal adaptable design.
An optimization model to identify the optimal product configuration
In this work, an optimization model has been developed to identify the optimal design configuration candidate from all the feasible design configuration candidates. The optimization model is formulated as follows:
Find: the i-th design configuration candidate Maximize: R = R (i) Subject to: 1 i p where p is the number of all feasible design configuration candidates, and R (i) represents the robustness measure of the ith design configuration candidate.
Since a design configuration candidate can be modeled by a tree, genetic programming is selected for the configuration optimization [9] .
An optimization model to identify the optimal parameter values
The values of un-adaptable design parameters are optimized in this stage to achieve the best product robustness. In this work, an optimization model to identify the optimal un-adaptable design parameter values of a design configuration candidate is developed as follows:
Find: the un-adaptable design parameters X D Maximize:
where X 
An optimization model to identify the worst case influence of unknown add-on modules
In this research, interactions between the platform and the unknown add-on modules are defined by input/output parameters of the unknown add-modules. Since design configurations and parameters of the unknown add-on modules are not determined at the product development stage, values of the input/output parameters of unknown add-on modules have to be defined by constraints. Two methods can be used to evaluate the influence of unknown add-on modules: (1) the statistical method considering the average influence of unknown add-on modules on product performance, and (2) the worst case method considering the extreme influence of unknown add-on modules on product performance.
When the worst case method is used to evaluate the product robustness, an optimization is needed to identify the worst case influence of input/output parameters of unknown add-on modules on product robustness. The optimization model is formulated as follows:
Find: the input and output parameters 
Case study: adaptable design of a linear labeling machine with robust performance
A linear labeling machine is the equipment for applying self-adhesive labels on the containers such as bottles and boxes. Generally a linear labeling machine is composed of a working table with power systems, a linear conveyor, an applicator, a pressing unit, and other auxiliary modules [11] . At the operation stage as shown in Fig. 2 , the driving roller in the applicator module is rotated to pull the web from the storage roller at a certain speed, and the labels at the edge of the plate are stripped off from the web and moved on the tops of the containers. The driving roller in the pressing unit is rotated at a certain speed to apply the forces on the labels to stick the labels with the containers smoothly.
Since different applicators and pressing units are required in the operation stage to satisfy different labeling requirements, open architecture was selected in this work as the product architecture.
Common platform: working table with conveyor, power system, etc. Specific add-on modules: vertical and horizontal applicators, and vertical and horizontal pressing units. Unknown add-on modules: unknown applicator and unknown pressing unit. Open interfaces: two open interfaces are provided, one is used to connect an applicator add-on module, and one is used to connect a pressing unit add-on module.
In this work as shown in Fig. 3 , different configurations were modeled by a hybrid AND-OR tree. Parameters in the adaptable design were summarized in Table 1 .
Since the labels should be applied on the containers at the expected positions without wrinkles and bubbles, both the labeling speed and the pressing speed should be the least insensitive to the parameter variations caused by uncertainties. The labeling speed V a and the pressing speed V p can be calculated by:
The input parameters of unknown add-on modules, N 1 U and N 2 U , are subjected to the following relations:
By considering the importance of the V a and V p , the weighting factors of the robustness measures for the V a and V p at each operation configuration state were selected as 0.5 and 0.5, respectively. The overall robustness of the i-th design configuration candidate for the s-th operation configuration state considering the un-adaptable design parameters, I a and I p , and the interface parameters, I 1 In this case study, the worst case approach was used to identify the influence of unknown add-on modules on product performance. The optimal design results were obtained as shown in Table 2 .
Conclusions
An integrated framework to design architecture, configurations and parameters of adaptable product with robust performance has been developed in this research. Characteristics and advantages of this research are summarized as follows: (1) The new framework is effective to design an adaptable product through selection of open architecture, change of configurations and change of parameter values. (2) The developed modeling methods are effective to describe the architecture, configurations and parameters of an adaptable product. (3) Robustness is a good measure to evaluate the quality of an adaptable product considering both the performances and variations of these performances due to uncertainties. (4) The developed multi-level optimization is effective to identify the optimal configurations and parameter values of an adaptable product.
